1. Introduction {#sec1-micromachines-11-00740}
===============

The avalanche photodiode (APD) has a wide application in photoelectric conversion \[[@B1-micromachines-11-00740]\], especially in the areas of optical communication \[[@B2-micromachines-11-00740],[@B3-micromachines-11-00740],[@B4-micromachines-11-00740],[@B5-micromachines-11-00740]\], imaging \[[@B6-micromachines-11-00740],[@B7-micromachines-11-00740],[@B8-micromachines-11-00740]\], and single photon detection \[[@B9-micromachines-11-00740],[@B10-micromachines-11-00740],[@B11-micromachines-11-00740]\], because it has a large avalanche gain that enables the high sensitivity \[[@B12-micromachines-11-00740],[@B13-micromachines-11-00740]\]. When the detection spectral range enters the UV region, we need to utilize wide band gap materials as the absorption layer. Therefore, 4H-SiC \[[@B14-micromachines-11-00740],[@B15-micromachines-11-00740],[@B16-micromachines-11-00740],[@B17-micromachines-11-00740],[@B18-micromachines-11-00740],[@B19-micromachines-11-00740]\], GaN \[[@B20-micromachines-11-00740],[@B21-micromachines-11-00740],[@B22-micromachines-11-00740],[@B23-micromachines-11-00740],[@B24-micromachines-11-00740],[@B25-micromachines-11-00740],[@B26-micromachines-11-00740],[@B27-micromachines-11-00740]\]-based UV APDs have been demonstrated and investigated in recent years. ZnO is also an attractive wide band gap semiconductor that has a lot of advantages such as high exciton binding energy, direct band gap, low cost, ease of fabrication, and environmental friendliness \[[@B28-micromachines-11-00740],[@B29-micromachines-11-00740],[@B30-micromachines-11-00740]\]. Based on a simulation work, for ZnO, the ratio of the impact ionization coefficient of holes to that of electrons is rather low \[[@B31-micromachines-11-00740]\]. This has a very appealing merit that may be fully exploited to achieve high-performance, low excess noise APD devices.

Recently, some works devoted to studying the impact of ionization multiplication in ZnO/MgO \[[@B32-micromachines-11-00740],[@B33-micromachines-11-00740],[@B34-micromachines-11-00740]\] and TiO2/AlO~x~ \[[@B35-micromachines-11-00740]\] material systems have been reported. These works are mainly based on the metal--insulator--semiconductor--insulator--metal structure. The highest electric field occurred in the insulator layer, and an avalanche gain was observed. However, this structure has two issues in our opinion. Firstly, the high electric field is primarily in the insulator area, and the field in the semiconductor layer is relatively weak, so the separation of photo carriers and the transport of these photo carriers may have a low efficiency. Secondly, the insulator has a very large band gap; then, the threshold energy needed for impact ionization is very large. Moreover, the thickness of several tens of nanometers may be too short to accelerate the initial injected carriers. So, a traditional pin structure without these issues may be more favorable. Considering the big challenge of stable and effective p-type doping for ZnO \[[@B36-micromachines-11-00740],[@B37-micromachines-11-00740],[@B38-micromachines-11-00740]\], we turned to Si for a p-type material, owing to the compatibility to the highly developed CMOS technology and the availability of a high-quality Si wafer. Although the p-Si/n-ZnO heterostructure may be exhaustively investigated \[[@B39-micromachines-11-00740],[@B40-micromachines-11-00740],[@B41-micromachines-11-00740],[@B42-micromachines-11-00740],[@B43-micromachines-11-00740]\], few works have been published up to date that demonstrate the impact of ionization multiplication base on this structure. The quality of the ZnO layer and the interface between Si and ZnO are the primary constraints.

In this paper, we fabricated the p-Si/i-ZnO/n-AZO structure and realized electron avalanche multiplication in the poly-crystalline i-ZnO layer. We systematically investigated this structure with an emphasis on the avalanche multiplication process. The band structure, field profile, current voltage characteristics, threshold breakdown electric field, avalanche gain, and impact ionization coefficient were comprehensively discussed. We also investigated the influence of the width of the i-ZnO layer. The major contribution from this work is that we provide the impact ionization coefficient of electrons for ZnO through triggering an electron avalanche multiplication by visible light with a wavelength of 532 nm. Our work indicates that ZnO still holds promise to realize a high-performance APD device, and it may renew the research interest in ZnO for the application of APD.

2. Materials and Methods {#sec2-micromachines-11-00740}
========================

The p-Si/i-ZnO/n-AZO structure was fabricated through the process shown in [Figure 1](#micromachines-11-00740-f001){ref-type="fig"}. At first, we cleansed the p+ Si wafer with acetone, ethanol, and deionized water successively; the whole cleansing process was with the help of ultrasonic oscillation. Then, we used Buffered Oxide Etch (BOE) to remove the native oxide layer on the surface of the wafer. Magnetron sputtering was exploited to deposit poly-crystalline ZnO and Al-doped ZnO (AZO) on the Si wafer in turn. The thickness and doping level of each layer are indicated in [Figure 1](#micromachines-11-00740-f001){ref-type="fig"}. To investigate the dependence of performance on the width of the multiplication layer, which is the thickness of the i-ZnO layer, we tuned the thickness of the ZnO layer to 250, 500, and 750 nm, respectively. We also fabricated p-Si/n-AZO and p-Si/i-ZnO structures as references and to characterize the doping density based on a simpler pn junction structure. The aluminum electrodes were evaporated on AZO and Si, and the pattern was formed through photolithography. Since the AZO and Si are both heavily doped, Al electrodes can realize Ohmic contact with both layers.

We utilized Capacitance--Voltage (C-V) measurement to characterize the density of doping impurities for pn junctions. To eliminate the influence of interface states as much as possible, a high frequency of 1 MHz was chosen. A source measure unit was employed to do Current--Voltage (I-V) analysis for the pin structures. To probe the avalanche gain, we used a laser diode as the light source, which provides a strong illumination with the wavelength of 532 nm. We used an attenuator to reduce the light intensity, because a relatively weak light is enough to inject some charge carriers and initiate an impact ionization multiplication process.

3. Results and Discussion {#sec3-micromachines-11-00740}
=========================

3.1. Heterostructure of Si and ZnO {#sec3dot1-micromachines-11-00740}
----------------------------------

At the very beginning, we want to verify that the ohmic contacts between Al electrodes and p-Si, as well as those between Al electrodes and n-AZO, were successfully formed. We fabricated two Al electrodes with a size of 10 × 100 μm on 500 nm-thick p-Si and 500 nm-thick n-AZO films, respectively. These p-Si and n-AZO films have an identical doping concentration to those used in the p-Si/i-ZnO/n-AZO structure. The distance between electrodes is 1 cm. The I-V curves for these two setups are shown in [Figure 2](#micromachines-11-00740-f002){ref-type="fig"}, from which we can see good linearity for both I-V curves. Therefore, we confirmed that ohmic contacts were formed.

As a result of lacking of durable, stable, and highly effective p-type doping for ZnO, a lot of applications for ZnO based on the pn junction need another p-type material to form a heterostructure. Silicon is a very mature and widely used semiconductor material. Its planar fabrication process, for example CMOS technology, is highly developed. Compatibility with CMOS technology and the availability of high-quality Si wafer are the benefits of choosing Si as the p-type material. Besides, the lattice mismatch between Si and ZnO is tolerable. Based on the hexagonal ZnO (a = 3.252 × 10^−10^ m) and cubic Si (a = 5.43 × 10^−10^ m) lattice parameters from the literature, we can calculate the mismatch, which is 40% in this case \[[@B28-micromachines-11-00740]\]. To alleviate the strain caused by the lattice mismatch and improve the crystalline quality of ZnO near the interface, annealing at 600 degrees Celsius for 30 min in the Ar ambient was employed after the growth of ZnO film on Si. We successfully fabricated the p-Si/i-ZnO/n-AZO structure to realize the avalanche multiplication of electrons in ZnO.

The band diagram of the p-Si/i-ZnO/n-AZO structure is shown in [Figure 3](#micromachines-11-00740-f003){ref-type="fig"}. The band offset, especially for the conduction band, is crucial for analyzing the electron transport. Moreover, the bending degree of the band due to the built-in potential and applied voltage bias is also responsible for the modulation of electron transport. The position of the Fermi level in the band gap is related with the doping density, which is deduced from the C-V measurement. For p-Si substrate, the doping density N~A~ = 5 × 10^17^ cm^−3^, and it can be assumed that the doping impurities are all ionized at room temperature. Therefore, based on the following equation:$$\delta_{1} = E_{F,{Si}} - E_{v,{Si}} = kT\ln(N_{v,{Si}}/N_{A})$$ where *E*~F,Si~ and *E*~v,Si~ are the Fermi level and valence band maximum (VBM) of the Si band, respectively, *k* is the Boltzmann constant, *T* is the temperature, and *N*~v,Si~ is the effective density states in the valence band of Si, which is 1.1 × 10^19^ cm^−3^ \[[@B44-micromachines-11-00740]\]. Then, we can derive the energy difference between the Fermi level and VBM in Si, which is 80.4 meV.

In a similar manner, we can deduce the energy difference between the Fermi level and conduction band minimum (CBM) in ZnO and AZO based on the following equations:$$\delta_{2} = E_{c,{ZnO}} - E_{F,{ZnO}} = kT\ \ln(N_{c,{ZnO}}/N_{D1})$$ $$\delta_{3} = E_{c,{ZnO}} - E_{F,{AZO}} = kT\ \ln(N_{c,{ZnO}}/N_{D2})$$ where *E*~F,ZnO~ and *E*~c,ZnO~, *E*~F,AZO~ and *E*~c,AZO~ are the Fermi level and CBM for the ZnO and AZO band, respectively, *N*~c,ZnO~ is the effective density state in the conduction band of ZnO, which is 3.4 × 10^18^ cm^−3^ \[[@B44-micromachines-11-00740]\], and *N*~D1~ and *N*~D2~ are the density of ionized impurities of ZnO and AZO, respectively. The values we used here were extracted from C-V measurement, which are 4 × 10^13^ and 2.4 × 10^16^ cm^−3^ for ZnO and AZO, respectively. The energy differences in the neutral regions of ZnO (δ~2~) and AZO (δ~3~) are 295 and 129 meV, respectively. The impurity density of unintentionally doped intrinsic ZnO is determined by C-V measurement. These impurities in ZnO are native point defects such as oxygen vacancy and interstitial zinc, which serve as donors. These native defects are the origin of the self-compensation effect and the reason why p-type doping for ZnO is very challenging.

The conduction band offset ΔE~c~ is determined by the difference of the electron affinity energy between Si and ZnO, which is defined as the energy measured from the bottom of the conduction band to the vacuum level. Based on the data in the literature \[[@B44-micromachines-11-00740],[@B45-micromachines-11-00740]\], the electron affinity energy values for Si and ZnO are 4.05 and 4.35 eV, respectively. Therefore, $$\mathsf{\Delta}E_{c} = \chi_{ZnO} - \chi_{Si} = 0.3{\ {eV}}.$$

If we consider the influence of interface states, the situation could be rather complicated. Firstly, the Fermi level will be pinned by the interface states, and the bending degree of the energy band near the interface will be changed. To simplify the effect of interface, one could add a correction term to Δ*E*~c~, which is determined by the density and position in the band gap for the interface states. Here, we did not consider the influence of interface states when calculating the band offset. It is well known that the band gaps for Si and ZnO are 1.12 and 3.37 eV, respectively. We can calculate the valence band offset Δ*E*~v~ by the equation:$$\mathsf{\Delta}E_{v} = E_{g,{ZnO}} - E_{g,{Si}} + (\chi_{ZnO} - \chi_{Si}) = 2.55{\ {eV}}.$$

Since the doping density of Si is about 4 orders of magnitude greater than that of ZnO, the width of the depletion layer in ZnO is much greater such that the whole region of ZnO is depleted. We will discuss the width of the depletion layer in ZnO in detail afterwards. Thus, the pin diode we fabricated belongs to the punch-through type, which has a nearly constant high field in the multiplication layer. This field profile is very suitable for avalanche multiplication.

3.2. C-V Measurement and Field Profile {#sec3dot2-micromachines-11-00740}
--------------------------------------

The C-V measurement is a common method to acquire the doping density and built-in potential in the semiconductor field. For the ideal pn structure, we applied a reverse bias without consideration of interface states, and the capacitance of a pn junction is mainly determined by the variation of charge in the depletion layer with the applied voltage. It is easy to deduce the equation as follows:$$\left| \frac{d{1/}C^{2}}{dV} \right| = \frac{2(\varepsilon_{1}N_{A} + \varepsilon_{2}N_{D})}{q\varepsilon_{1}\varepsilon_{2}N_{D}N_{A}}$$ where *N*~A~ and *N*~D~ are the doping density of the p-type and n-type layer, respectively, *ε*~1~ and *ε*~2~ are the relative permittivity of the n-type and p-type materials, respectively, and q is the electron charge. According to Equation (6), if we plot the 1/C^2^-V curve, we could derive the doping concentration from the slope.

To exclude the influence of interface states, a high-frequency AC field is employed. From [Figure 4](#micromachines-11-00740-f004){ref-type="fig"}a and [Figure 5](#micromachines-11-00740-f005){ref-type="fig"}a, we can see that the capacitance goes down with increasing frequency, which indicates that the interface states contribute to the capacitance less at higher frequency. The reason is that the charging process through interface states is too slow to catch up with the fast varying AC field. To be more specific, the electrons and holes can be transferred between the interface states and the conduction band and valence band, respectively, depending on the position of the Fermi level. Generally speaking, the interface states that are under the Fermi level are always occupied by electrons. When the applied voltage is changing, the Fermi level will move accordingly. Then, the electric charge will flow into or out of the interface states; thus, in this case, the interfaces states behave similar to a capacitor. This charging or discharging process is usually very slow, so when the frequency of the AC voltage increases, the contribution to total capacitance from interface states gets lower. This interpretation explains the capacitance dependence on frequency well. The capacitance decreases with the increasing reverse voltage due to the increase of the width of the depletion layer. From [Figure 4](#micromachines-11-00740-f004){ref-type="fig"} and [Figure 5](#micromachines-11-00740-f005){ref-type="fig"}, based on the slope of curve that we showed using a black straight line, we derived the doping densities of i-ZnO and n-AZO, which are 4 × 10^13^ and 2.4 × 10^16^ cm^−3^, respectively. As we can see either in [Figure 4](#micromachines-11-00740-f004){ref-type="fig"} or [Figure 5](#micromachines-11-00740-f005){ref-type="fig"}, the slope of the curve for 1 MHz is not a single value, because the curve is not perfect straight line. Therefore, we took the average for the incline angles corresponding to the slope within the voltage range. The tangent of the average incline angle is the slope we extracted. The C-V measurement results are shown in [Figure 6](#micromachines-11-00740-f006){ref-type="fig"}, from which we can deduce that the capacitance of the pin structure is mainly determined by the variation of the width of the depletion layer in AZO with the voltages.

When the doping concentration of each layer is determined, we can calculate the electric field profile based on Poisson's equation as follows:$$\left\{ \begin{array}{l}
{\frac{dE}{dx} = \frac{qN_{A}}{\varepsilon_{2}},{\ {in}\ {depletion}\ {layer}\ {of}\ {Si}}} \\
{\frac{dE}{dx} = \frac{qN_{D(1,2)}}{\varepsilon_{1}},{\ {in}\ {depletion}\ {layer}\ {of}\ {ZnO}\ {or}\ {AZO}}} \\
\end{array} \right..$$

The calculated electric field profile for the different impurity concentrations of the i-ZnO layer is shown in [Figure 7](#micromachines-11-00740-f007){ref-type="fig"}. The relative permittivities for Si (ε~2~) and ZnO (ε~1~) that we used in the calculation are 11.9 and 9.0, respectively \[[@B44-micromachines-11-00740]\]. The variation of doping density can alter the electric field profile. Before we do the calculation, we need to verify the assumption that the i-ZnO layer is completely depleted. It can be proved by the contradiction. If the i-ZnO layer is not fully depleted, then the width of the depletion layer should be less than the thickness of the i-ZnO layer. We can calculate the width X~D~ in this case by the following equation:$$X_{D}{= \lbrack}\frac{2\varepsilon_{Si}\varepsilon_{ZnO}{(N_{A} + N_{D1})}^{2}V_{D}}{qN_{D1}N_{A}(\varepsilon_{Si}N_{A} + \varepsilon_{ZnO}N_{D1})}\rbrack^{1/2} \approx {\lbrack\frac{2\varepsilon_{ZnO}V_{D}}{qN_{D1}}\rbrack}^{1/2},{\ {For}\ }N_{A} \gg N_{D1}$$ where *V*~D~ is the built-in potential for the Si/ZnO junction, which is 0.61 eV for our sample. This built-in potential was determined by the energy difference between the Fermi levels of Si and ZnO before they contact to form a heterojunction. The detailed process is outlined in the following description. From the common vacuum level, we determined the position of the CBM for Si and ZnO based on their electron affinity energy, respectively. Then, we can determine the position of the Fermi level with respect to the CBM for both of them by their impurity concentration. Finally, we calculated the difference between the Fermi levels, which is the built-in potential. Compared with the literature, this value is comparable to their results for a similar situation \[[@B46-micromachines-11-00740]\]. Based on Equation (8), we derived the width of the depletion layer, which is 1.28 μm. It is much greater than the maximum value of the i-ZnO layer, which is 750 nm. Therefore, we verified the assumption that the i-ZnO layer is fully depleted.

The electric field profile in the depletion layer can be described by the following equations, which are the integration of Equation (7):$$\left\{ \begin{array}{l}
{E(x) = \frac{qN_{A}}{\varepsilon_{Si}}(x + W_{p}),\  - W_{p} \leq x \leq 0{\ {in}\ p - {Si}}} \\
{E(x) = \frac{qN_{D1}}{\varepsilon_{ZnO}}(W_{i} - x) + C_{1},\ 0 \leq x \leq W_{i}{\ {in}\ i - {ZnO}}} \\
{E(x) = C_{1} - \frac{qN_{D2}}{\varepsilon_{ZnO}}(x - W_{i}),\ W_{i} \leq x \leq W_{n}{\ {in}\ n - {AZO}}} \\
\end{array} \right.$$ where *W*~p~, *W*~i~, and *W*~n~ are the width of the depletion layer for p-Si, i-ZnO, and n-AZO, respectively, and C~1~ is a constant that can be determined by the boundary conditions. The calculated field profile for different thicknesses of the i-ZnO layer is shown in [Figure 8](#micromachines-11-00740-f008){ref-type="fig"}. The greatest field strength occurs at *x* = 0, which is the interface between Si and ZnO; then, the field gradually decreases with the slope, which is proportional to the impurity density of the i-ZnO layer. If the strength of the field in the multiplication layer remains very high---in other words, it decreases very slowly---it is very suitable to realize a large gain. The smaller the impurity density of i-ZnO, the more suitable the electric field profile that we can generate. Given a constant reverse bias, the greater the width of i-ZnO, the smaller the maximum field strength that we can get. Since the doping density of Si and AZO are very high, if compared with the impurity density of ZnO, the depletion layers in Si and AZO under zero voltage bias are quite narrow. From [Figure 9](#micromachines-11-00740-f009){ref-type="fig"} and [Figure 10](#micromachines-11-00740-f010){ref-type="fig"}, we can see the variation of the depletion layer width in Si and AZO with reverse voltages. The width of the depletion layer in Si is in the range of several tens of nanometers, although the voltage reaches 40 V. In contrast, the width of the depletion layer in AZO increases faster with voltages; it can be several hundred nanometers, which is comparable to that in ZnO when the voltage goes high. However, the electric field strength in AZO falls much faster than that in ZnO, and the descending rate is determined by the impurity concentration. Therefore, the charge carriers transporting in these regions cannot initiate an impact ionization process, for they cannot gain enough energy from the electric field in such a short accelerating distance. It is apparent that a proper width of the multiplication layer is crucial to the ionization process, because if this value is too large, the field strength is not strong enough to accelerate the carrier to a critical velocity that can realize the impact ionization. On the contrary, if this value is too small, the accelerating distance would be too short to initiate an ionization multiplication. It is sound that we assume that the multiplication process solely happens in the i-ZnO when we simultaneously consider the electric field strength and acceleration distance.

3.3. Current--Voltage Characteristics and Influence of Width of i-ZnO Layer {#sec3dot3-micromachines-11-00740}
---------------------------------------------------------------------------

The strong electric field in the depletion layer is highly needed for ionization multiplication, so APD always works under reverse voltage bias. The current--voltage curve of a p-Si/i-ZnO/n-AZO structure is shown in [Figure 11](#micromachines-11-00740-f011){ref-type="fig"}. The thickness for the i-ZnO layer is 250 nm. It has typical I-V characteristics for an avalanche photodiode (APD). The reverse voltage range can be broken into three regions. Within the first region, APD is in a simple diode mode without a gain or with a unit gain. In this region, the current is equal to the reverse saturation current. In the second region, APD works in a linear mode, in which the photocurrent is proportional to the light intensity, and the photocurrent decays rapidly after the light is off. The third region is related to the Geiger mode, in which an avalanche multiplication process is generated violently such that the generation rate of carriers is greater than the collection rate of the electrodes. So, we need a quenching mechanism to cease this multiplication process after the light is off. The boundary between the linear mode and Geiger mode is the critical voltage, which is called the avalanche breakdown voltage.

It is easy to deduce that the threshold energy *E*~i~ demanded for impact ionization is highly related to the band structure of the semiconductor, which serves as a multiplication layer. Regardless of whether there are two parabolic bands, three parabolic bands, or non-parabolic bands, *E*~i~ is comparable with the band gap *E*~g~. As the well-known 3/2-band-gap rule indicates, if the effective mass for electrons and holes are equal, the threshold energy *E*~i~ is equal to 3*E*~g~/2 \[[@B12-micromachines-11-00740]\]. Since the effective mass of the holes in ZnO is lacking, we took the assumption that the effective mass of the holes is equal to that of the electrons. Then, if we make a sound guess for the mean free path of the carrier, which is defined as the distance that the carrier moves between two collisions with phonons, we could roughly derive the threshold electric field strength required for impact ionization multiplication. The mean free path can be expressed as the product of the carrier velocity and the scattering time. The scattering time is the reciprocal of the scattering rate. Based on the aforementioned analysis, the threshold field strength can be described as follows:$$E_{BR} = \frac{{(3m^{*}E_{g})}^{1/2} \cdot R(3E_{g}{/2})}{q}$$ where *m*\* is the effective mass of the charge carrier, which is equal to 0.27 *m*~0~ for ZnO \[[@B44-micromachines-11-00740]\]. *m*~0~ is the electron rest mass. *q* is the electron charge. R(3*E*~g~/2) is the scattering rate for the carrier with the energy, which is equal to 3*E*~g~/2. We substitute the quantities in Equation (10) with realistic values; then, we acquire that *E*~BR~ is equal to 4.2 × 10^5^ V/cm. The R(3*E*~g~/2) we used is 1.1 × 10^13^ s^−1^ from the reference \[[@B31-micromachines-11-00740]\].

We calculated the maximum electric field strength at various reverse voltages at the interface between ZnO and Si for different i-ZnO layer thicknesses. The calculated results are shown in [Figure 12](#micromachines-11-00740-f012){ref-type="fig"}. As we can see, given the same reverse voltage applied, the thicker the i-ZnO layer, the smaller the maximum electric field we can get. The reverse voltages corresponding to *E*~BR~ are avalanche breakdown voltages; for the i-ZnO layer with different thicknesses, they are 25 V (250 nm), 35 V (500 nm), and 45 V (750 nm), respectively. Compared with the I-V curves for the p-Si/i-ZnO/n-AZO APD, the experimental results are smaller than the calculated results. Possible reasons for this discrepancy could be that the scattering rate we used is greater than that in the realistic situation, and the assumption and approximation may bring some errors.

3.4. Avalanche Gain and Ionization Coefficient {#sec3dot4-micromachines-11-00740}
----------------------------------------------

We utilized a laser diode with wavelength of 532 nm as the light source to investigate the photo response and avalanche gain of our p-Si/i-ZnO/n-AZO APD. Although the light firstly shines on the AZO side, which is on the top of the device, photocarriers will be generated in the p-Si, which is the bottom layer of the device. The reason is that the wavelength of 532 nm is much longer than the cutoff wavelength of ZnO and AZO; thus, this green light will pass through the ZnO and AZO layer without much loss. The photocarrier injection happens in the p-Si layer, and the minority carrier electrons will drift to the ZnO layer under the strong built-in electric field. So, these photogenerated electrons are the initial electrons that will be accelerated in a high-field ZnO layer and triggered the impact ionization multiplication. Based on this analysis, we can draw two important conclusions: first, the impact ionization multiplication happens in the i-ZnO layer; second, this avalanche multiplication is an electron-dominant process, and the contribution from holes can be neglected. Moreover, from the calculated results in the literature \[[@B31-micromachines-11-00740]\], we know that for ZnO, the ionization coefficient of the electrons (α) is much greater than that of the holes (β). This also supports the conclusion that we can omit the influence of the holes and solely consider the electrons' impact ionization.

The I-V curves of the APD under illumination are shown in [Figure 13](#micromachines-11-00740-f013){ref-type="fig"}. The avalanche gain can represent the degree to which the photocurrent is magnified through impact ionization multiplication. The definition is based on the following equation:$$M = \frac{I_{MP} - I_{MD}}{I_{P} - I_{D}}$$ where *I*~P~ and *I*~D~ are the photocurrent and dark current without multiplication, respectively, and *I*~MP~ and *I*~MD~ are the photocurrent and dark current with avalanche multiplication. It is apparent that the ionization multiplication is highly dependent on the strength of electric field; thus, the avalanche gain is a function of reverse voltage. We calculated the avalanche gain using Equation (11). The result is shown in [Figure 14](#micromachines-11-00740-f014){ref-type="fig"}. When we calculated the gain, we assumed that the gain is a unit at 5 V and used the photocurrent and dark current at 5 V for the denominator of the right part of Equation (11). From the relationship between the avalanche gain and the electric field strength, we can estimate that the breakdown voltage is about 3.3 × 10^5^ V/cm.

Ionization coefficients are crucial parameters that mean how many electrons and holes are created when the initial carrier travels along the electric field for a unit distance. They are related with the performance of APD such as the multiplication gain, excess noise, threshold energy, and gain--bandwidth product. When one designs a high-performance APD, the ionization coefficient is an important factor that should always be kept in mind. In a pin structure, the ionization coefficients are independent of position; therefore, the avalanche gain can be expressed using ionization coefficients as the following equation shows:$$M = \frac{(1 - \beta/\alpha)\exp\lbrack\alpha W_{D}(1 - \beta/\alpha)\rbrack}{1 - (\beta/\alpha)\exp\lbrack\alpha W_{D}(1 - \beta/\alpha)\rbrack} \approx \exp(\alpha W_{D}),{\ {if}\ }\alpha \gg \beta$$ where *W*~D~ is the width of the multiplication layer. According to Equation (12), we calculated the ionization coefficient of electron (α) for APD with i-ZnO layers with different thicknesses. The calculation process is as follows. We firstly calculated the avalanche gain under various voltages; then, based on the relationship between the ionization coefficient and avalanche gain, we derived the ionization coefficient under these voltages. In an ideal situation, the avalanche gain and ionization coefficient should have been independent of the specific structural parameters of the punch-through pin structure. They are mainly determined by what material is utilized as a multiplication layer. However, owing to the nonuniformity of the ZnO layer, the avalanche gain and ionization coefficient under a given electric field extracted from the I-V curves exhibit a little discrepancy for different ZnO layer thicknesses. Therefore, we averaged the ionization coefficients derived from the pin structure with different ZnO layer thicknesses to minimize the extraction error. The results are shown in [Figure 15](#micromachines-11-00740-f015){ref-type="fig"}. It should be noted that these ionization coefficients correspond to the case in which the electric field is along the (001) direction of ZnO, because our ZnO sample is highly c-axis oriented and the electric field is along the c-axis, which is the (001) direction. The results represented herein show that p-Si/i-ZnO/n-AZO is a promising structure to realize high-performance APD.

4. Conclusions {#sec4-micromachines-11-00740}
==============

In this paper, we have fabricated a p-Si/i-ZnO/n-AZO structure and realized avalanche multiplication in the poly-crystalline i-ZnO layer based on this structure. The band structure of this p-Si/i-ZnO/n-AZO heterostructure was systematically investigated. Based on C-V measurement, the ionized impurity density of the unintentionally doped ZnO layer is 4 × 10^13^ cm^−3^, while the doping density of the AZO layer is 2.4 × 10^16^ cm^−3^. This i-layer with rather low impurity density is very important for a suitable field profile and ionization multiplication. We calculated the field profile for our p-Si/i-ZnO/n-AZO structure and investigated how the impurity density of the i-ZnO layer and the width of the i-ZnO layer affect the field profile. We chose three values, which are 250, 500, and 750 nm for the width of the i-ZnO layer. The calculated results show that the p-Si/i-ZnO/n-AZO structure of the parameters mentioned before is a punch-through type pin APD, which holds a very high field in the i layer. According to the field profile and width of the depletion layer in AZO and Si, an avalanche multiplication process only happened in the i-ZnO layer. We proposed an equation that roughly estimates the threshold electric field strength for the avalanche breakdown and breakdown voltage for different i-ZnO layer widths. The threshold electric field strength for avalanche breakdown for our pin structure is 3.3 × 10^5^ V/cm. To initiate the electron dominant avalanche ionization multiplication process in the i-ZnO layer and derive the ionization coefficient of electrons, we used 532 nm light from a laser diode to illuminate the pin APD. The photocurrent is greatly enhanced when the ionization multiplication is triggered at high voltages. A large avalanche gain was observed, and its variation with the electric field strength was investigated. Then, we derived the impact ionization coefficient of electrons for ZnO along the (001) direction, which is a very significant parameter for APD design and optimization. Our work provides important data for high-performance APD based on an Si/ZnO heterostructure, and it also indicates that the p-Si/i-ZnO/n-AZO structure is a promising option to realize a high-performance avalanche-type device. It may renew the research interest in the realization of APD using ZnO.
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![The typical I-V characteristics for our p-Si/i-ZnO/n-AZO avalanche photodiode; the green dashed line indicates the photo current, and the red solid line represents the dark current.](micromachines-11-00740-g011){#micromachines-11-00740-f011}
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